Using Urry's gramicidin A (GA) atomic coordinates and ab intio calculations, the interaction energies of a K+ ion with GA are examined. From these energies the values of the fitting parameters are obtained for 6-12-1 atom-atom pair potentials. The potential of the GA channel as experienced by the ion is analyzed in detail. An energy profile of the K+ ion in the GA channel is obtained by analyzing iso-energy maps. Using Monte Carlo simulations, the energy profiles of the K+ ion with the solvated GA channel are analyzed and the hydration structures in the presence of the K+ ion are studied.
INTRODUCTION
As transmembrane channels play key roles for bio-mechanism, the understanding of their microscopic mechanism is very important in order to learn about their real activities in living cells. Accordingly, much effort has been devoted to discovering the structures and properties of the ion conducting form of gramicidin both by experimental and theoretical approaches. For recent reviews, see Urry (1) and Ovchinnichov (2) .
We recall that the primary structure of gramicidin (GA) is HCO-L-Val'-Gly2-L-Ala3-D-LeU4-L-Ala5-D-Val6-L-Val7-D-Val8-L-Trp9-D-Leu '-L-Trp" -D-Leu'2 -L-Trp'3-D-Leu'4 -L-Trp'-NHCH2-CH2OH. In Fig. 1 we show a GA membrane channel. In the top-left inset, a GA channel consisting of a GA dimer is surrounded by phospholipid membranes. In the top-right inset, a GA monomer is projected onto the x-y plane (the z axis lies along the axis of the channel), and the 15 amino acid residues of GA are explicitly labeled. In the bottom-left inset two GA monomers are projected onto the x-y plane, while in the bottom-right inset they are projected onto the x-z plane. Previously, we reported (3) the potential energy and structure of water molecules interacting with a GA channel, modeled according to Urry's atomic coordinates (4) . This paper will report the interaction energy of K+ with GA using ab initio calculations, and analyze the iso-energy contour maps in order to understand the strengths and locations of the binding sites within the channel. Using Monte Carlo (MC) simulations, we will also investigate Dr. Vercauteren's present address is Laboratoire de Chimie Theorique Appliquee, Faculties Universitaires Notre-Dame de la Paix, B-5000 Namur, Belgium. Dr. Welti's present address is Laboratorium fur Organische Chemie, ETH-Zentrum, CH (a) the number of molecules that can be placed inside the GA channel, (b) the energy profiles of a K+-H2O-GA system and (c) the structure of the water molecules inside the channel in the presence of a K+ ion.
INTERACTION ENERGY OF A K+ ION WITH A GA CHANNEL
To obtain a realistic interaction between a K+ ion with GA, the atom-atom pair potentials of a K+ ion interacting with amino acids or with a polypeptide chain have been derived from ab initio calculations (SCF-LCAO-MO approximation) computed at more than 1,300 conformations. For the ab initio SCF computation, we used a minimal basis set, consisting of seven s-type Gaussian functions and three p-type Gaussian functions for the nonhydrogen atoms (5) . For the hydrogen atoms, we used four s-type functions (5) , mainly to decrease the basis set superposition error (6, 7) . As a matter of fact, this superposition error was negligible for the interaction energy of a K+ ion with the fragments of GA; therefore, we did not consider this superposition error in our calculation.
Once having obtained the ab initio interaction energies, we fitted them to an analytic potential energy function E = Yj[-A(j, a)/r (j)6 + B(j, a)/r(j)12
where j designates an atom of GA and r( j) is the distance from the K+ ion (with a charge equal to 1) to thejth atom, with charge q( j). Here we select another set of indices "aa" to further characterize the atom of GA interacting with a K+ ion. This indice "a" designates the classes within a group of atoms of equal atomic number. A class characterizes the electronic environment of the jth atom within the molecule. This characterization is obtained by selecting as criteria (a) the atomic number, (b) the hybridization of the atom (number of bonds), (c) the net atomic charge (8) , and (d) the energy difference between the atom in the molecule and the isolated atom, i.e., the molecular orbital valency state (MOVS) energy (7) . In Figs. 2 and 3 and Table I we show how the classes are characterized, reporting the net charges (in electrons), the MOVS (in hartrees), and the class index. Table I also reports the A, B, and C coefficients of the 6-12-1 analytical potential energy function mentioned above. The fitting of the ab initio interaction energies to obtain the above analytical atom-atom pair potentials, was carried out to a mean SD of 1.5 kcal/mol. The overall quality of the fitting is shown by the standard plot (fitted/ab initio) of Fig. 4 .
In Fig. 5 , we report iso-energy maps for the L-Ala, L-Val, D-Val, D-Leu, L-Trp residues, the ethanolamine (HOC-NH-CH2-CO-NH-CH2-CH20H) tail and the two central formyl heads. For each molecular component two plots are given. First, the one in two dimensions contains an ORTEP projection of the amino acid into the selected plane. The second representation is three dimensional; it shows explicitly both the attractive site minima and the repulsive regions (which have the appearance of mesa because the repulsive energies have been cut off at 6 kcal/mol). The contour-to-contour interval is 2 kcal/mol. From these figures, note that the D-Leu and L-Trp residues show strong interactions with the K+ ion.
In a similar fashion, we have obtained the iso-energy contour maps for a plane bisecting the GA channel, as shown in Fig. 6 . The bottom inset is the iso-energy map for the x-z projection of the entire channel and the regions at the two extrema extending up to Z = ± 47 atomic unit. The top inset is the iso-energy map for the y-z projection. Notice that the channel is helical and the difference between the x-z and y-z projections is not significant.
A detailed view of the channel energetics is given in 7. At the upper part of the figure, eight iso-energy maps are reported for the cross section of the channel corresponding to Z = 0, 2, 4, 8, 11, 12, 13, and 14 A. Near the so-called binding sites (1) (i.e., near Z = 11 A), the effective cross section of the channel (along the Z axis) is the smallest. Therefore, near this region, the libration mechanism of the GA carbonyl groups is expected to play a very important role.
At the bottom of the Fig. 7 we show a graph giving the lowest energy determined in each x-y cross section. Notice the very prominent minima inside the channel. The strong interaction energies of K+ with GA are mainly due to the carbonyl oxygens rather than the residue effects. The interaction energy of K+ with one carbonyl oxygen is about -20 kcal/mol at the most favorable position of K+. The K+/GA interaction energy can be as large as -54 kcal/ mol by summing over all the carbonyls of GA, because the interactions of K+ with 30 carbonyl oxygens in GA are all additive (mainly by coulomb interaction energies). When the K+ ion is near the center of the channel, the interaction energy is stronger because the carbonyls are closer to the K+ ion than in other cases.
Before reporting our MC simulation results, we will discuss one more detail at the single ion level. In Fig. 8 , we compare cylindrical iso-energy maps, obtained by selecting cylinders with a radius of 2.0 and 2.5 atomic units, with the figure of the helical GA backbone on the right. The hard core region appears to be conspicuous even in the map of R = 2.0 atomic units. This implies that the K+ ion can only move through the channel along the path near the Z axis.
MONTE CARLO SIMULATIONS
In this section we describe features of our simulation that follow Metropolis Monte Carlo modeling (9) . We performed MC simulations for the K+-H20-GA system, attempting to find the energy profiles of the system and the effect of the K+ ion on the water conformations. In all simulations the selected temperature is 3000 K, and the K+ ion and the water molecules are free to move. We placed 81 water molecules in a cylindrical volume, whose length and radius are 48 and 5.5 A, respectively. With the above -0.5 Aromatic H Of L-Trp *The coefficients are given so that the interaction energy and distance can be expressed in kilocalories per mole and angstrOms, respectively.
choice the liquid water weight density is -1, M core volume of the GA channel is exclud cylinder. The water molecules are constra within the cylindrical volume. However, to water characteristics at the two extremities of we impose on the water molecules the trans] metry constraint along the Z axis (but not on {hen the hard Another point to consider is the possibility of a pressure Led from the difference between the right and left sides of the channel, mined to stay since migration of water molecules through the channel is ensure bulk an unlikely event. Therefore, we allowed the rightmost the cylinder, water molecules to jump to the leftmost positions, if the lational sym-given MC displacement is acceptable, and vice versa. In GA). this way, the dependence of the initial condition on the sampling is reduced. Fig. 9 and Table II Fig. 9 represent the ensemble average positions of the water molecules and of the K+ ion, whereas the middle insets report the probability maps. The right insets are the iso-energy density maps for the energy of each water molecule or an ion at a given position interacting with water molecules, an ion and GA. The K+ ion can be easily distinguished as the filled circles (left insets) or as the conspicuous dark region (middle or right insets). From these figures one can notice that, in general, nine water molecules form a well-bound filament 10 .0 within the channel, hydrating the nearest neighboring S and ab initio atoms: either the atoms of other water molecules or the ion, molecule inside the channel is not hydrogen bonded to its neighboring water molecule. On the other hand, as can be inferred from the probability-density maps, the water molecules at the two extremities of the cylinder begin to show somewhat bulklike characteristics.
In Table II we report the average Z position of the K+ ion, the total energy of the system (Tot) (for 81 water molecules, one K+ ion and the GA channel), the total interaction energy (K+/T) of the K+ ion with GA (K+/ GA) and with water (K+/W), the total interaction energy (W/T) of water with GA (W/GA) and with water (W/W), and the standard deviation (SD) of the ion coordinate. We note, from the SD, that an ion outside the channel is more mobile than the one inside the channel.
In Fig. 10 , we show the energy profiles for the system as obtained from the Monte Carlo simulations: K+/GA, water has been reported as 'AK+/W. Note that the dotted line, denoted by (K+/GA) in the figure is the energy profile obtained from the iso-energy maps (see the bottom inset of Fig. 7) . Therefore, the latter does not include the thermal effect for K+, whereas the solid line denoted by K+/GA includes it. Fig. 10 and Table II show that the interaction energy of K+/GA is stronger inside the channel than outside the channel, while the interaction energy of K+/W is just the opposite. This is as expected because when K+ is near the center of the channel the K+ ion can strongly interact with the carbonyls at shorter distances, while when K+ is outside of the channel the K+ ion can be strongly solvated by many water molecules. By combining the effects of the K+/W and K+/GA interactions, the interaction energy of K+/T has the minimum at Z = 14 A and the maximum at Z = 0 A. Finally, Fig. 10 indicates that the total internal energy difference between the maximum and minimum of the system is -120 kJ/mol and that the maximum and minimum are located around Z = 0 A and Z = 15 A, respectively. Although the total energy in the asymptotic region for K+ has not been calculated, the internal energy activation barrier for K+ may be estimated to be < 70 kJ/mol from the energy value at Z = 16.4 A.
DISCUSSION
To properly compare our results with the experimental results, we must consider the Gibbs free energy, G. In particular, we are interested in the location of the maximum and minimum and also in the height of the activation barrier. For this study we do not need to know the absolute magnitude of G, but the change in G (AG) between two different systems should be computed. Let us consider, for example, the difference in G (AG) between the case when K+ is placed inside the channel and the case when K+ is outside the channel. Given the AG = AE + PAV -TAS at P = 1 atm. and T = 300 OK, the PAV term would be negligible compared with AE, but the TAS term would not be negligible because the entropy change between two systems need not be small. However, in our two systems the nine water molecules inside the channel are well ordered, as can be seen from Fig. 9 . Therefore, the difference of AS between the nine water molecules of the two cases would be small. From the standard deviation of the ion coordinates (SD in Table II ) we notice that the entropy difference due to K+ between the two cases will be different: in particular, the entropy is greater when K+ is outside the channel because here K+ is more mobile than when K+ is inside the channel. On the other hand, when K+ is outside the channel, the water outside the channel is less mobile due to the strong solvation with the ion, compared to when K+ is inside the channel. Although the entropy contribution from the water molecules outside the channel and that from the cation have opposite signs, water molecules in the first and second solvation shells are strongly bound to K+, the entropy decrease of water due to the solvation of the cation expected to be more important; this is particularly true for our simulations owing to the simplified model. In fact, when Kt is solvated, the experimental solvation energy (10) is reduced by 22 kJ/mol due to the entropy effects. In our model, the upper bound of the reduction of the solvation energy due to the entropy effects can be estimated to be < 50 kJ/mol by considering an extreme case that all the water molecules solvating the cation were frozen. Because water-water interactions along the X and Y directions were not properly considered due to an Fig. 7 ).
imposed hard wall, most water molecules solvating the cation oriented toward the cation, especially when the cation was outside the channel. Therefore, the free energy difference between the maximum and the minimum can be in the range of 70-100 kJ/mol, whereas the internal energy activation barrier can be in the range of 20-50 kJ/mol. This rough estimation can be compared with the experimental data (1, 11, 12) : the free energy difference between the maximum and the minimum is 30-40 kJ/mol, the free energy activiation barrier is 20-30 kJ/mol, and there is one maximum at Z = 0 A and two minima (one near Z = II A and the other near the outside of the channel mouth). The comparison between our results and experimental results indicate that the solvation energy outside the channel was overestimated. The first minimum position detected by experiment is called a binding site. To realize this binding site, the theoretical model needs to include the libration of the carbonyl oxygens and the tail hydroxyl oxygen. Also, the calculated free energy difference between the maximum and the minimum might well be reduced by including the phospholipid interactions with GA, the dynamical motion of GA, and more bulk water in the MC simulation.
On the other hand, it should be noted that the experimental data bear much speculation and doubt (13, 14) , mainly because the experimental free energy profiles (1, 11, 12) are obtained by applying Eyring's rate theory to the channel transport. The application of this theory to the GA channel system is not too reliable unless the activation barrier is time independent and sharply peaked. For this GA channel system, the classical kinetic theories may not be applicable in a simple manner. Therefore, both experimental and theoretical models should be further evolved in order to understand the real mechanism of biomembrane channels.
